INTRODUCTION
CdTe is an important semiconductor material for solar cell applications because of its bandgap value (1.5 eV) and high absorption coefficient for solar radiation. Short minority-carrier lifetime of CdTe material has long been a problem for achieving high photovoltaic efficiency, because it affects the opencircuit voltage. Short minority-carrier lifetimes are attributed to the effect of active surface defects. 1, 2 Recent progress in molecular beam epitaxy (MBE) growth of CdMgTe/CdTe double heterostructures (DHs) on InSb substrates has resulted in passivated CdTe absorber layers exhibiting significantly longer carrier lifetimes (240 ns to 3600 ns). [3] [4] [5] In these DHs, the higher-bandgap CdMgTe barrier layers serve to passivate the front and back surface of the CdTe absorber layers and improve the quality of the interfaces, which play a dominant role in determining the carrier lifetimes. 3, 4 Addition of a small amount (<1%) of Se to the CdTe absorber layer reduces the lattice mismatch between the CdSeTe absorber layer and InSb substrate, significantly improving carrier lifetimes. 6 Carrier lifetimes of doped semiconductors are affected by two main recombination processes: nonradiative Shockley-Read-Hall (SRH) and radiative. In the radiative process, excess free electrons and holes in conduction and valance bands, respectively, recombine directly, resulting in emission. In the competing, nonradiative SRH process, free electrons and holes recombine through defects and excess energy is lost to vibrations. Interpretation of lifetimes is complicated by their dependence on excess carriers (dn $ dp) resulting from optical injection or the free carrier concentration (n or p) through doping. To understand the dynamics of carriers, it is important to examine their population decay under different levels of optical injection and free carrier concentration. Such measurements can be used to investigate important factors such as saturation of interface states, band-bending effects, asymmetric carrier capture by traps, and radiative effects. In the case of saturation of interface states, carrier lifetimes tend to increase at high optical injected excess carrier density (dn $ dp ) n), whereas in cases where band bending is evident or asymmetric electron-hole carrier capture by traps is expected, lifetimes may decrease. [7] [8] [9] [10] The radiative effects vary according to s rad $ 1 Bn (where B is the radiative coefficient of $1 9 10 10 cm 3 /s 3, 11 ), which suggests that radiative carrier lifetimes may decrease as the free carrier concentration or optically injected carriers (dn $ n) in the material are increased. Various competing factors make studies of carrier lifetime as a function of optical injection and free carrier concentration an effective way to study carrier dynamics.
Time-resolved PL (TRPL) provides information about competing radiative (R) and nonradiative (nR) carrier recombination processes, with observed lifetime (s) generally composed as
in which the rate 1=s nR may involve multiple mechanisms including surface and bulk (SRH) processes. The photon recycling effect, which affects the radiative processes and depends on the absorber layer thickness, enters through the radiative term in Eq. 1.
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In this work, we investigated the behavior of carrier lifetimes of iodine-doped CdMgTe/CdSeTe (DHs) with different free carrier concentrations and optical injection levels. Optical-injection-dependent TRPL decay curves indicate the importance of measurement conditions, which in this study, are maintained below light power density of one sun. The dependence of the TRPL characteristics on the n-type doping level reveals the competition between radiative and nonradiative processes, with dominance of radiative processes at doping of $8.4 9 10 17 cm À3 , suggesting that high-quality DHs can be achieved even at high doping.
EXPERIMENTAL PROCEDURES
Doped CdMgTe/CdSeTe DH structures were grown by MBE on (100)-oriented InSb substrates. Growth started with an InSb buffer layer, followed by a $1.5-lm-thick Cd 1Ày Se y Te (y $ 0.008 to 0.01) buffer layer. DHs with 2.0-lm absorber thickness were grown at different iodine doping concentrations of 7 9 10 15 cm À3 , 8.4 9 10 16 cm À3 , and 8.4 9 10 17 cm À3 . Iodine incorporation was quantified using secondary-ion mass spectrometry, whereas n was determined from Hall measurements. In all cases, the Cd 0.65 Mg 0.35 Te barrier layers were $30 nm thick and the structures were capped with 10 nm CdTe to protect the surface (Mg) from oxidation. Confocal photoluminescence measurements (cPL) were performed to extract the extended defect density, which was less than 5 9 10 5 cm À2 for all samples investigated here. TRPL decay curves were generated using a femtosecond pulsed laser source at excitation wavelength of 430 nm with repetition rate of $500 kHz. The time-correlated single-photon counting technique was used to obtain the TRPL decay curves. More details on the experimental setup can be found in Ref. 12 . To calculate the excitation intensity, we used the (average) laser intensity measured at the sample and beam radius of $100 lm. The optical injection was varied using neutral-density filters in the range from 1 9 10 10 photons/pulse/cm 2 to 3 9 10 11 photons/pulse/cm 2 . The average intensity was used to estimate the peak excitation intensity using the pulse repetition rate and a nominal measured pulse width of 150 fs. Figure 1 depicts the laser pulses at different injection levels used here. Dashed lines indicate the incident light power density (W/m 2 ) (left-hand axis) at the optical injection levels, while the corresponding optical injection carrier densities (dashed lines) at t $ 0 are shown on the right-hand axis. The latter were estimated using the published reflectance value of R = 0.3 and an optical penetration depth value of d opt = 55 nm (obtained from the absorption coefficient) at 430 nm for CdTe. 13 Note that the optical injection levels in this study are below the light intensity of one sun ($1000 W/m 2 ). In addition, the maximum injected carrier level is close to the free carrier concentration of the lowest doped sample investigated here, and otherwise well below n from doping.
RESULTS AND DISCUSSION
The PL decay curves of iodine-doped samples with thickness of 2.0 lm in the doping range from ) (left yaxis) at optical injection levels, and the corresponding optical injection carrier densities at t $ 0 (right y-axis) .The power density of one sun (solid line) is included to illustrate that the measurements were carried out below this power density. correspond to initial injected carrier density of dn = dp $ 8 9 10 15 cm À3 , comparable to the free carrier concentration of the n = 7 9 10 15 cm À3 samples but well below the others studied here, as noted above. Samples exhibited a fast decay (s initial ) followed by slower decay (s later ) at free carrier concentration n $ 7 9 10 15 cm À3 and 8.4 9 10 16 cm À3 . When n was increased to 8.4 9 10 17 cm À3 , the sample exhibited a single exponential decay curve. Such single exponential decay may arise from increasing influence of radiative over SRH recombination with increase in the free carrier concentration, as discussed later in this section. Long later carrier lifetime ($1.1 ls) was observed at lower n $ 7 9 10 15 cm À3 . The TRPL intensity at n $ 7 9 10 15 cm À3 was slightly above the minimum background level at the end of the 2-ls measurement window, suggesting continued decay beyond this time. This may result in an overestimate of the carrier lifetime. The TRPL at lower optical injection ($1 9 10 10 photons/pulse/cm 2 ), which is discussed later in this section, exhibited full decay to the background level. This suggests that the repetition rate is not a factor in determining these lifetimes. The extended defect density of the samples, extracted from confocal PL microscopy analysis, was below 5 9 10 5 cm À2 and did not show any strong correlation with PL lifetimes. 12 Note that the amplitudes of the TRPL decay components-initial and later-also did not show any particular trend with the extended defect density. A recent investigation using cPL and TRPL measurements of undoped CdMgTe/CdSeTe/InSb DHs, with varying absorber thickness but otherwise the same, concluded that carrier lifetimes are limited by barrier interface states when the extended defect density is below 5 9 10 5 cm À2 . 6 The PL decay properties of samples can be described by considering radiative and nonradiative Shockley-Read-Hall (SRH) processes as 10 1
where / is the thickness-dependent photon recycling factor, s SRHðBulkÞ is the bulk SRH lifetime, and v int is the interface recombination velocity. The form of Eq. 2 is valid as long as d > L D , where L D is the diffusion length of minority carriers. In 2 ns to 4 ns, which is a much shorter time scale than our measured TRPL lifetimes, we estimate L D $ 2 lm to 3 lm for holes, assuming carrier diffusion transit
; where D is the diffusion constant for holes. 10 Based on this, we expect uniform excess carrier distribution throughout the absorber layer during the long decay processes. The distribution of carriers throughout the absorber layers should not significantly depend on excitation wavelength for above-bandgap illumination. Therefore, the excitation used is not expected to affect the measured lifetimes based on the carrier distribution in the absorber. The last term in Eq. 2 is related to the radiative lifetime. The bulk (SRH) lifetime of CdMgTe/CdSeTe/InSb DHs reported in Refs. 6 and 12 is $2.2 ls to 2.5 ls. We also summarize later carrier lifetimes, which represent low injection conditions, and the different parameters of Eq. 2 in Table I for samples shown in Fig. 2 . The long bulk (SRH) lifetime suggests that interface-related nonradiative processes are involved in the TRPL lifetimes. We include the TRPL decay curves for different absorber thicknesses (0.25 lm and 2 lm) for n $ 7 9 10 15 cm À3 in Fig. 3a to illustrate the dominant role of nonradiative interface recombination in these samples. The initial and later lifetimes increase for greater thickness d due to reduced importance of interface recombination.
To investigate the fast decay (s initial ) observed in the TRPL decay curves, we varied the optical injection in the range from 1 9 10 10 photons/pulse/ cm 2 to 3 9 10 11 photons/pulse/cm 2 for the samples with n $ 7 9 10 15 cm À3 and 8.4 9 10 16 cm
À3
. The results are shown in Fig. 3a and b. Here, we focus on the 2-lm-thick absorber layers. The initial optical carrier density of 10 14 cm À3 to 10 15 cm À3 , corresponding to optical injection of 1 9 10 10 photons/pulse/cm 2 to 3 9 10 11 photons/pulse/cm 2 ), suggests that the measurements were performed in low optical injection conditions (dn = dp > n), especially for the sample with n $ 8.4 9 10 16 cm À3 . The TRPL decay for a DH with n $ 8.4 9 10 17 cm À3 (not shown) did not change for injection well below the doping level. The radiative process is expected to compete with the SRH recombination process from the decay onset at t $ 0. One can estimate the influence of radiative effects using the third term of Eq. 2. As the optical injection is varied from 3 9 10 11 photons/pulse/cm 2 to 1 9 10 10 photons/ pulse/cm 2 , for the other doping levels, the relative amplitudes of the TRPL decay components change significantly in Fig. 3 . The long carrier lifetimes dominate the decay at injection of 1 9 10 10 photons/ pulse/cm 2 . We considered several factors to understand the initial decays: carrier diffusion effects, band-bending effects, radiative effects, and extended defect density. The carrier diffusion time through the thickness of the absorber layers is shorter ($1 ns) than the observed lifetimes and is therefore ruled out as a dominant factor in the decay dynamics. Band bending was previously investigated in similar DHs and found not to be a principle factor for initial decays. 12 The calculated radiative lifetimes according to the radiative term in Eq. 2 are $7.5 ls and 714 ns for n $ 7 9 10 15 cm À3 and 8.4 9 10 16 cm À3 , respectively. Long radiative lifetimes suggest that initial lifetimes are not limited to radiative effects. The radiative coefficient B $ 1 9 10 10 cm 3 /s and photon recycling factor 3, 11, 12, 14 are considered in the calculation of radiative lifetimes. In the photon recycling effect, higher-energy photons of the emission spectrum are reabsorbed within the sample. Upon reabsorption, an electron-hole pair is generated and may again participate in the radiative recombination process to inflate the lifetime observed in TRPL. The extended defect density of samples did not show any correlation with carrier lifetimes, as discussed above, and is therefore not a main factor for initial decays.
One possible interpretation for the observed initial decays could be that trap capture cross-sections are higher for minority than majority carriers. Immediately following absorption of an optical pulse at t $ 0, the minority carriers (holes) in this scenario are captured by traps at a higher rate compared with majority carriers. As time progresses in the decay curve, the importance of majority carriers grows relative to minority carriers. This scenario may suggest that traps are being filled in the initial time regime, whereas detrapping and other processes may start to occur in the later part of the decay curve. The Shockley-Read-Hall capture rate equations may be used for qualitative understanding of initial decays at t $ 0. Assuming dp = dn initially, the respective SRH hole and electron capture rate equations for n-type material can be written as
, where R cpðnÞ is the corresponding capture rate, and f is the probability that a trap is filled. 15 Since we do not know the exact location of traps in the bandgap, we assume it to be near midgap in the analysis. Using parameter values r p $ 10 À14 ; r n $ 10 À15 cm 2 , N i $ 10 9 -10 11 cm À2 , v thp n ð Þ $ 10 7 cm/s, f $ 0:9; and dp $ dn $ 8 Â 10 15 cm
, n $ 7 9 10 15 cm À3 , and 8.4 9 10 16 cm À3 , we find that R cp > R cn at t $ 0. The combined effect of factors including changing trap occupation and changing carrier concentration of electrons (holes) will also play a role in the recombination process in the later part of the decay curve. Recent theoretical investigation of p-type CdTe material reported higher capture cross-section for holes compared with electrons for Te Cd antisite defects located above the valance band, well beyond the shallow energy range. 16 Buurma et al.'s 17 theoretical work, which is based on the combination of first-principles electronic structure calculations, tight binding, and the Green's function formalism, suggested high hole carrier capture cross-section for Te Cd antisite defects in n-type CdTe. Although details of the charge capture process were not presented in their study, the result obtained is qualitatively consistent with our observations for iodine-doped CdTe. If similar defects are present either at the surface/interface or in the bulk for the n-type material, we expect them to have an influence on carrier decay curves. Since carrier lifetimes of iodine-doped CdMgTe/CdSeTe DHs are limited by interface defects in this study, we may expect asymmetric carrier capture trap states at the interface of barrier and absorber layers. Depending on the initial optical injection level and trap density, asymmetric trap states may exhibit different effects in the early or later times in the TRPL decay curves.
The later decays measured at 3 9 10 11 photons/ pulse/cm 2 in Fig. 2 may represent carrier lifetimes in the low illumination conditions which are more relevant to solar cell applications. The increase in the amplitude of a long TRPL component in the decay curves at injection of $1 9 10 10 photons/ pulse/cm 2 in Fig. 3a and b supports the notion that the tail of TRPL decay curves at higher injections are representative of lower illumination conditions. The long later carrier lifetime above the radiative limit s rad $ 1 Bn at n $ 8.4 9 10 16 cm À3 suggests that the photon recycling effect takes place in the samples, in agreement with Eq. 2. The occurrence of this effect indicates that the nonradiative interface recombination rate is significantly suppressed in these samples. The short 12-ns carrier lifetime at free carrier concentration n $ 8.4 9 10 17 cm À3 in Fig. 2 suggests that higher doping level is achieved in the n-type 2.0-lm absorber CdMgTe/CdSeTe DHs and iodine is superior to indium for producing heavily doped n-type CdTe absorbers with high carrier lifetimes. 18 Overall, the decrease of the later lifetime with increase in n suggests that radiative effects become important at higher free carrier concentration, indicating high quality of the MBEgrown iodine-doped DHs.
CONCLUSIONS
We investigated the TRPL properties of iodinedoped CdMgTe/CdSeTe DHs. The optical injection level was varied to illustrate its importance in terms of determining and interpreting carrier lifetimes. Short followed by long carrier lifetimes were observed in iodine-doped DHs with 2.0 lm absorber layer thickness at n $ 7 9 10 15 cm À3 and 8.4 9 10 16 cm À3 . The decrease of the carrier lifetimes of the samples with increase in n is consistent with growing importance of radiative processes, in agreement with Eq. 2. In the limit of low optical injection (dn ( n), long carrier lifetimes ($144 ns to 178 ns) above the radiative limit s rad $ 1 Bn at n $ 8.4 9 10 16 cm À3 were observed, suggesting that the photon recycling effect takes place and that nonradiative interface processes are significantly reduced. The lifetime of $12 ns observed for the sample with n $ 8.4 9 10 17 cm À3 and absorber layer thickness of 2.0 lm suggests that high doping level can be successfully achieved in high-quality MBE-grown DHs.
